In the fission yeast Schizosaccharomyces pombe, acquisition of exogenous heme is largely mediated by the cell membraneassociated Shu1. Here, we report that Str3, a member of the major facilitator superfamily of transporters, promotes cellular heme import. Using a strain that cannot synthesize heme de novo (hem1⌬) and lacks Shu1, we found that the heme-dependent growth deficit of this strain is rescued by hemin supplementation in the presence of Str3. Microscopic analyses of a hem1⌬ shu1⌬ str3⌬ mutant strain in the presence of the heme analog zinc mesoporphyrin IX (ZnMP) revealed that ZnMP fails to accumulate within the mutant cells. In contrast, Str3-expressing hem1⌬ shu1⌬ cells could take up ZnMP at a 10-M concentration. The yeast Saccharomyces cerevisiae cannot efficiently transport exogenously supplied hemin. However, heterologous expression of Str3 from S. pombe in S. cerevisiae resulted in ZnMP accumulation within S. cerevisiae cells. Moreover, heminagarose pulldown assays revealed that Str3 binds hemin. In contrast, an Str3 mutant in which Tyr and Ser residues of two putative heme-binding motifs ( 530 YX 3 Y 534 and 552 SX 4 Y 557 ) had been replaced with alanines exhibited a loss of affinity for hemin. Furthermore, this Str3 mutant failed to rescue the heme-dependent growth deficit of a hem1⌬ shu1⌬ str3⌬ strain. Further analysis by absorbance spectroscopy disclosed that a predicted extracellular loop region in Str3 containing the two putative hemebinding motifs interacts with hemin, with a K D of 6.6 M. Taken together, these results indicate that Str3 is a second cell-surface membrane protein for acquisition of exogenous heme in S. pombe.
In the fission yeast Schizosaccharomyces pombe, acquisition of exogenous heme is largely mediated by the cell membraneassociated Shu1. Here, we report that Str3, a member of the major facilitator superfamily of transporters, promotes cellular heme import. Using a strain that cannot synthesize heme de novo (hem1⌬) and lacks Shu1, we found that the heme-dependent growth deficit of this strain is rescued by hemin supplementation in the presence of Str3. Microscopic analyses of a hem1⌬ shu1⌬ str3⌬ mutant strain in the presence of the heme analog zinc mesoporphyrin IX (ZnMP) revealed that ZnMP fails to accumulate within the mutant cells. In contrast, Str3-expressing hem1⌬ shu1⌬ cells could take up ZnMP at a 10-M concentration. The yeast Saccharomyces cerevisiae cannot efficiently transport exogenously supplied hemin. However, heterologous expression of Str3 from S. pombe in S. cerevisiae resulted in ZnMP accumulation within S. cerevisiae cells. Moreover, heminagarose pulldown assays revealed that Str3 binds hemin. In contrast, an Str3 mutant in which Tyr and Ser residues of two putative heme-binding motifs ( 530 YX 3 Y 534 and 552 SX 4 Y 557 ) had been replaced with alanines exhibited a loss of affinity for hemin. Furthermore, this Str3 mutant failed to rescue the heme-dependent growth deficit of a hem1⌬ shu1⌬ str3⌬ strain. Further analysis by absorbance spectroscopy disclosed that a predicted extracellular loop region in Str3 containing the two putative hemebinding motifs interacts with hemin, with a K D of 6.6 M. Taken together, these results indicate that Str3 is a second cell-surface membrane protein for acquisition of exogenous heme in S. pombe.
Heme is a macrocycle molecule constituted of a protoporphyrin ring in which one atom of iron is coordinated at its center (1) . The coordinated iron can adopt both oxidized (Fe 3ϩ ) and reduced (Fe 2ϩ ) states. The redox-active nature of iron makes heme a critical cofactor for a wide variety of enzymes, including cytochromes, globins, and catalases that are required in vital biochemical processes, such as respiration, oxygen transport, and disproportionation of hydrogen peroxide, respectively (2). Heme is also known to serve as a signaling molecule in cellular responses, such as antioxidant defense and regulation of the circadian clock (3, 4) . Due to its critical physiological importance, a majority of organisms have evolved with different means to secure heme (5) . In the case of heme prototrophs, these organisms possess an eight-step enzymatic pathway that involves anabolic enzymes that are located either in mitochondria or the cytoplasm, depending where their specific action takes place along the biosynthetic pathway. In the case of the heme biosynthesis pathway, proteins that are required for heme production have been identified in most organisms as well as the reactions they catalyze (1) . A second means used by a number of organisms is to acquire heme from external environmental sources (6) . As opposed to the well-characterized enzymes responsible for the synthesis of the heme molecule, knowledge of cellular components that are required for acquisition of exogenous heme is more limited and has only been investigated in a small number of organisms.
In Schizosaccharomyces pombe, heme biosynthesis and exogenous heme uptake represent two different ways to acquire heme (7) . Heme biosynthesis involves eight enzymes encoded by the following genes: hem1 ϩ , hem2 ϩ , hem3 ϩ , ups1 ϩ , hem12 ϩ , hem13 ϩ , hem14 ϩ , and hem15 ϩ . The first enzyme is named Hem1 (␦-aminolevulinate acid synthase) and produces ␦-aminolevulinate (ALA) 3 by condensation of succinyl-CoA with glycine. ALA is then converted to porphobilinogen by a second enzyme (Hem2) of the biosynthetic pathway toward heme biosynthesis that involves six additional steps. In fission yeast, the hem1 ϩ gene is essential because its disruption is lethal for the cells. A strategy to keep hem1⌬ cells alive consists of adding exogenous ALA, allowing heme biosynthesis to resume at step 2 and then proceed further along the biosynthetic pathway until production of heme. A second way to ensure viability of hem1⌬ cells is to supplement the mutant cells with exogenous hemin (heme chloride). In this case, hem1⌬ cells are therefore forced to use their own heme uptake system. This experimental design (hem1⌬ ϩ hemin) selectively blocks heme biosynthesis, setting conditions to investigate the mechanisms of exogenous heme acquisition by cells.
Following this approach, studies have previously shown that S. pombe iron-starved cells produced Shu1, which is a small cell-surface heme-binding protein of 25 kDa (7) . Shu1 is attached to the plasma membrane via a glycosylphophatidylinositol anchor (8) . Absorbance spectroscopy and heminagarose pulldown experiments have demonstrated that Shu1 exhibits a constant of dissociation (K D ) of 2.2 M for hemin (7) . Furthermore, in vivo functional growth assays have shown that the presence of Shu1 is required for assimilation of exogenous hemin by S. pombe hem1⌬ cells (7) .
Studies have shown that Shu1 is required for cellular internalization of the heme analog zinc mesoporphyrin IX (ZnMP) (7, 8) . When heme biosynthesis is selectively blocked in hem1⌬ mutant cells, ZnMP first accumulates into vacuoles and then within the cytosol (8) . Consistent with this observation, results have shown that in response to elevated concentrations of hemin or ZnMP, Shu1 undergoes internalization from the cell surface to the vacuole (8) . Disruption of the vacuolar Abc-type transporter Abc3 results in hem1⌬ abc3⌬ mutant cells being unable to grow in the presence of hemin as the sole iron source (8) . Although the pathway whereby internalized heme or its analog ZnMP becomes available to the cells is still unclear, results have shown that Abc3 participates in the mobilization of stored heme or ZnMP from the vacuole to the cytosol (8) .
Besides Shu1, Abc3 (heme assimilation), and the Fip1-Fio1 iron-dependent permease-oxidase complex (reductive iron uptake) (9) , there are other S. pombe transport-related proteins that are regulated at the transcriptional level in response to changes in iron concentrations (10) . For instance, Str1, Str2, and Str3 expression is induced under conditions of iron starvation and repressed under iron-replete conditions (11) . Str1, Str2, and Str3 proteins are classified as members of the major facilitator superfamily (MFS) of transporters (12, 13) . In the case of Str1, its heterologous expression in a Saccharomyces cerevisiae mutant strain that is deficient in high-affinity iron uptake systems results in assimilation of iron from ferrichrome (11) . This result is consistent with the fact that S. pombe possesses the ability to produce ferrichrome (14) and with the plasma membrane localization of Str1 in S. pombe. In the case of Str2, its physiological role in S. pombe is still unclear, and the ORFeome global analysis of protein localization indicates that Str2 localizes to the membrane vacuole (15) . Str3 displays the lowest sequence identity with Str1 and Str2 (11) . Although Str3 localizes to the plasma membrane of cells (15) , its heterologous expression in an iron uptake-deficient S. cerevisiae strain fails to restore growth in the presence of siderophores, including ferrichrome and ferroxiamine B (11) . The biological function of Str3 remains therefore undetermined.
To further investigate the mechanisms whereby S. pombe cells acquire exogenous heme, cells lacking Hem1 and Shu1 were incubated using a range of concentrations of hemin. Although growth of hem1⌬ shu1⌬ cells was inhibited in the presence of 0.075 M hemin, medium supplementation with 0.15 and 0.5 M hemin restored the ability of hem1⌬ shu1⌬ cells to grow when hemin was the sole source of iron. The fact that hemin-dependent growth deficiency of hem1⌬ shu1⌬ cells can be overcome in a medium supplemented with high hemin concentrations (Ն0.15 M) indicated the presence of a Shu1independent hemin uptake pathway. Here, we show that the presence of Str3 was required to suppress inhibited growth of hem1⌬ shu1⌬ cells in the presence of 0.15 M exogenous hemin. As previously shown, hem1⌬ cells expressing Shu1 were able to take up the heme analog ZnMP at a concentration of 2 M. In contrast, deletion of shu1 ϩ (shu1⌬) led to defects in the assimilation of ZnMP, unless Str3 was expressed in hem1⌬ shu1⌬ cells in the presence of ZnMP at a concentration of 10 M. Inactivation of str3⌬ in a hem1⌬ shu1⌬ strain abolished assimilation of ZnMP. Expression of an active S. pombe Str3 protein in S. cerevisiae led to cellular accumulation of ZnMP, whereas untransformed S. cerevisiae failed to take up ZnMP due to the absence of an endogenous heme transport system. Results showed that Str3 binds to hemin-agarose and exhibits an equilibrium dissociation constant (K D ) value of 6.6 M for hemin. Taken together, these results are consistent with the existence of an additional hemin acquisition pathway in S. pombe that involves the action of Str3.
Results

Effect of the shu1⌬ deletion on the ability to assimilate hemin
Two strategies can be used to keep S. pombe hem1⌬ cells alive. The first approach is to add ALA in cultures of hem1⌬ cells (7) . In this case, ALA serves as a substrate for the downstream enzyme Hem2 of the biosynthetic pathway toward heme biosynthesis. The second approach is to supplement hem1⌬ cells with exogenous hemin (Fig. 1A) (7, 8) . This latter approach (hem1⌬ ϩ hemin) makes sure that heme biosynthesis 
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is selectively blocked, setting conditions to investigate the mechanisms by which external hemin is taken up by the cells. Here, hem1⌬ cells that had been supplemented with 0.075, 0.15, or 0.5 M hemin exhibited cell growth to an A 600 of 2.7, 3.4, and 3.9, respectively, over a time period of 80 h (Fig. 1A ). In the absence of hemin (and ALA), hem1⌬ cells were unable to grow compared with hem1⌬ cells that had been supplemented with exogenous hemin (Fig. 1A ). As we have shown previously (7) , disruption of the gene encoding the cell-surface protein Shu1 in hem1⌬ cells resulted in a poor growth of these cells (hem1⌬ shu1⌬) (A 600 of 0.4 after 80 h) in the presence of 0.075 M hemin ( Fig. 1B ). However, hem1⌬ shu1⌬ cells grown in the same medium supplemented with high concentrations of hemin (0.15 and 0.5 M) exhibited a robust cell growth to an A 600 of 3.4 and 4.2 that was similar to hemin-replete hem1⌬ (shu1 ϩ ) cells ( Fig. 1, A and B) . We therefore concluded that Shu1 is required for hemin acquisition when hemin is present at very low concentrations (0.075 M), whereas its presence is dispensable under conditions of high hemin concentrations (0.15 and 0.5 M).
Str3 is an iron-regulated cell-surface protein that supports efficient hemin acquisition when hemin levels exceed 0.075 M
Given the fact that hemin concentrations of 0.15 and 0.5 M restored cell growth levels of hem1⌬ shu1⌬ mutant comparable with hem1⌬ (shu1 ϩ ) mutant, we sought to identify an additional protein that was involved in hemin acquisition. One possibility was that an additional protein involved in hemin acquisition was produced as a function of changes in iron concentrations. Its gene expression could therefore be under the control of Fep1, in a manner similar to Shu1 (7) . Accordingly, its transcription would be repressed under highiron conditions and derepressed under low-iron conditions. To further support hemin acquisition, one additional protein would have to be localized at the cell surface. In this connection, we noticed that the str3 ϩ gene was immediately adjacent to shu1 ϩ on chromosome I and possessed all of these characteristics ( Fig. 2 ). Indeed, str3 ϩ mRNA levels were repressed when cells were grown in the presence of iron. In contrast, str3 ϩ mRNA levels were increased 5.0 Ϯ 0.3-fold compared with basal levels observed in the untreated cells in the presence of the iron chelator 2,2Ј-dipyridyl (Dip) ( Fig. 2B ). Results showed that str3 ϩ transcription was controlled by Fep1 because its disruption (fep1⌬) resulted in increased str3 ϩ mRNA levels, which were unresponsive to iron for repression ( Fig. 2B ). In the absence of Fep1, str3 ϩ was expressed 12.0 Ϯ 0.5-fold compared with basal levels observed in WT untreated cells. Conversely, fep1⌬ cells in which a WT fep1 ϩ allele was reintegrated regained the ability to repress str3 ϩ gene expression in response to iron (Fig. 2B ).
The iron-dependent regulated expression of str3 ϩ prompted us to examine Str3-GFP protein levels in untreated cells and in cells incubated under conditions of low and high concentrations of iron. Functional str3 ϩ -GFP and shu1 ϩ -HA 4 alleles expressed under the control of their own promoters were integrated into a hem1⌬ shu1⌬ str3⌬ mutant strain. This strain was grown to mid-logarithmic phase and then incubated in ALA-free medium containing hemin (0.075 M) and Dip (250 M) or iron (100 M) or in their respective absence. Results showed that the steady-state levels of Str3-GFP followed those of str3 ϩ mRNA and were primarily detected in iron-starved cells (Fig.  2C ). The Shu1-HA 4 protein, which is known to be expressed under low-iron conditions (7) , was used as a control in parallel experiments ( Fig. 2C ). Fluorescence microscopy analysis consistently showed Str3-GFP localization at the plasma membrane under conditions of iron starvation (Fig. 2D ). In contrast, Str3-GFP fluorescence signal was lost when cells were incubated in the presence of iron ( Fig. 2D ).
Str3 is predicted to be a member of the MFS transporters (11) . As commonly found in a large number of MFS proteins, a topological model of Str3 predicts the presence of 12 transmembrane spans ( Fig. 2E ). Transmembrane spans 1-6 form the first half of the protein, whereas transmembrane spans 7-12 constitute the second half of Str3. In the model, the two halves of Str3 are linked by the extended loop 6. This loop is predicted to be cytosolic and would allow a flexible movement between the N-and C-terminal halves of Str3. According to a predicted three-dimensional model by I-TASSER (16) and virtual docking simulation of heme to Str3, we observed the presence of a potential heme-binding pocket in the vicinity of extracellular loop 11. Furthermore, we found the presence of two putative heme-binding sequences, 530 YX 3 Y 534 and 552 SX 4 Y 557 , in loop 11. Based on these observations and the fact that no experimental substrate was known for Str3, we created a hem1⌬ shu1⌬ str3⌬ triple mutant strain to investigate whether Str3 may function in heme acquisition when the heme biosynthetic pathway was disrupted. First, hem1⌬ shu1⌬ str3⌬ cells were incubated in the presence of ALA to verify that their growth was equivalent to hem1⌬, hem1⌬ shu1⌬, and hem1⌬ str3⌬ strains ( Fig. 3A) . As a negative control, removal of ALA was lethal for a hem1⌬ mutant strain ( Fig. 3A) . When hem1⌬ and hem1⌬ str3⌬ cells (both strains expressing shu1 ϩ ) were incubated in the absence of ALA and in the presence of 0.075 M hemin, they exhibited a similar cell growth to A 600 of 2.6 over a time period of 80 h ( Fig. 3B ). Under these conditions and over the same period of time, hem1⌬ shu1⌬ and hem1⌬ shu1⌬ str3⌬ strains (both lacking shu1) exhibited poor growth (A 600 of 0.33 and 0.29, respectively), which represented 8.0 Ϯ 1.1-fold less growth compared with strains that expressed a functional shu1 ϩ allele (Fig. 3B ). This poorgrowth phenotype was still observed when growth assays were performed using hem1⌬ shu1⌬ str3⌬ cells containing an untagged str3 ϩ or a GFP-tagged str3 ϩ allele that had been reintegrated ( Fig. 3B ).
We then investigated whether there was an effect of deletion of Str3 on hemin acquisition when hemin levels exceed 0.075 M. Growth of hem1⌬ shu1⌬ (expressing endogenous str3 ϩ ) and hem1⌬ shu1⌬ str3⌬ cells was assessed in the presence of 0.15 M hemin but in the absence of ALA. In the case of hem1⌬ shu1⌬ cells (expressing str3 ϩ ), their ability to grow was restored in the presence of 0.15 M hemin (A 600 of 3.3 after 80 h), but not in the same medium supplemented with lower concentrations of hemin (0.075 M) (A 600 of 0.33 after 80 h) ( Fig. 3, B and C). When growth assays were performed using hem1⌬ shu1⌬ str3⌬ cells expressing a WT str3 ϩ or a GFP-tagged str3 ϩ allele in the
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presence of 0.15 M hemin, results showed that these strains exhibited robust growth in a manner similar to hem1⌬ shu1⌬ cells expressing an endogenous str3 ϩ (Fig. 3C ). Taken together, these results revealed that Str3 supports hemin acquisition in the presence of 0.15 M hemin, but it is not effective when hemin levels are as low as 0.075 M.
Str3 is required for cellular assimilation of ZnMP in the absence of Shu1
To obtain further evidence that Str3 supported heme assimilation, we deleted the str3 ϩ gene (str3⌬) in a strain lacking hem1 ϩ and shu1 ϩ (hem1⌬ shu1⌬) and tested whether this triple disruption strain could accumulate fluorescent ZnMP compared with a hem1⌬ shu1⌬ strain ( Fig. 4 ). The indicated strains were incubated in ALA-free medium containing Dip (250 M) or FeCl 3 (100 M) for 3 h. Cells were then incubated for 90 min in the presence of two distinct concentrations of ZnMP (2 and 10 M). The ZnMP fluorescent signal was mostly lost in hem1⌬ shu1⌬ str3⌬ cells when they had been incubated in the presence of 2 and 10 M ZnMP (Fig. 4, A and B) . Interestingly, in the presence of 10 M ZnMP, a high intracellular ZnMP fluorescence signal was detected in hem1⌬ shu1⌬ mutant cells expressing an endogenous str3 ϩ allele or in hem1⌬ shu1⌬ str3⌬ mutant cells expressing a WT str3 ϩ allele that had been re-integrated ( Fig. 4B ). In the presence of 2 M ZnMP, the abovementioned mutant strains expressing str3 ϩ failed to significantly accumulate ZnMP (Fig. 4A ). In the case of hem1⌬ and hem1⌬ str3⌬ cells that expressed an endogenous shu1 ϩ allele, a strong intracellular ZnMP fluorescence signal was observed in the presence of both concentrations of ZnMP ( Fig. 4 ). There was an absence of ZnMP fluorescent signal in hem1⌬ cells when they had been incubated in the presence of high iron concentrations (100 M) because expression of shu1 ϩ and str3 ϩ is repressed in iron-replete cells (7, 11) . Taken together, these results indicated that the inability to take up ZnMP in a hem1⌬ shu1⌬ mutant strain can be overcome by Str3 when the medium is supplemented with 10 M ZnMP. We therefore concluded that S. pombe possesses a Shu1-independent low-affinity heme uptake pathway that requires Str3.
Figure 2. str3 ؉ encodes a cell-surface protein that is biosynthetically regulated by cellular iron levels.
A, schematic illustration of a genomic DNA region and location of the two neighbor str3 ϩ and shu1 ϩ genes. White arrows indicate the direction of gene transcription. A black double-headed arrow indicates the length of the intergenic region. B, WT (fep1 ϩ ) and fep1⌬ strains were either left untreated (Ϫ) or treated with Dip (250 M) or FeCl 3 (Fe; 100 M) for 3 h. In the case of the fep1⌬ strain, it was transformed with an empty vector or an integrative vector containing the WT fep1 ϩ allele. Total RNA was prepared from each sample, and then str3 ϩ and act1 ϩ steady-state mRNA levels were analyzed by RNase protection assays. Results are representative of three independent experiments. C, hem1⌬ shu1⌬ str3⌬ cells expressing str3 ϩ -GFP and shu1 ϩ -HA 4 alleles were treated with Dip (250 M) or FeCl 3 (Fe; 100 M), or they were left untreated for 3 h. Triton X-100 -solubilized extracts were prepared and analyzed by immunoblotting using anti-GFP, anti-HA, or anti-␣-tubulin antibodies. The positions of the molecular mass (M) of protein standards (in kDa) are indicated on each side. D, hem1⌬ shu1⌬ str3⌬ cells expressing GFP-tagged Str3 were treated with Dip (250 M) or 
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Heterologous expression of Str3 allows S. cerevisiae to acquire ZnMP
In contrast to S. pombe, the yeast S. cerevisiae is unable to acquire exogenous heme (2, 17). However, heterologous expression in S. cerevisiae of a heme uptake protein isolated from another organism confers the ability to S. cerevisiae to utilize heme or hemoglobin (18, 19) . To validate the role of Str3 in the assimilation of exogenous ZnMP, we expressed the str3 ϩ gene in an S. cerevisiae BY4741 hem1⌬ mutant strain. In the presence of ALA, hem1⌬ cells grew because ALA was used by Hem2, the second enzyme of the heme biosynthetic pathway. This observation suggested that the mutant cells generated sufficient quantities of heme for cellular needs of heme-dependent pathways. In contrast, there was a selective block of heme biosynthesis in the absence of ALA. This observation was used as a stepping stone to investigate the nature of proteins that may participate in exogenous acquisition of heme. Experimentally, the str3 ϩ (S. pombe), str3 ϩ -GFP, and RBT5 (Candida albicans) (20) genes were placed under the control of the GPD gene promoter and then transformed in S. cerevisiae hem1⌬ cells using a centromeric plasmid. The cell surface-anchored heme-binding protein Rbt5 was used as a control because it has been established that it confers the ability to utilize exogenous hemin in hem1⌬ cells (18) . To ascertain that Str3-GFP and Rbt5 were produced, crude membrane fractions were isolated by ultracentrifugation. Immunoblotting analysis showed that Str3-GFP, Rbt5, and Pma1 were associated with the membrane fractions ( Fig. 5A ). Plasma membrane protein Pma1 used as a control was detected in the membrane fraction (21) . As expected, Str3-GFP, Rbt5, and Pma1 were not detected in the soluble fraction. In contrast, Pgk1, which is known to be found in the cytosolic fraction, was present in the supernatant fraction ( Fig. 5A ). Indirect immunofluorescence and direct fluorescence microscopy were performed to assess the cellular location of Rbt5 and Str3-GFP, respectively, heterologously expressed in S. cerevisiae. In the case of Rbt5, results showed that Rbt5-dependent fluorescence was primarily detected at the cell periphery ( Fig. 5B ). In the case of Str3-GFP, the GFP signal was predominantly localized at the cell surface ( Fig. 5C ). When S. cerevisiae hem1⌬ cells were transformed with an empty plasmid or an untagged str3 ϩ , the fluorescence signal was absent ( Fig. 5, B and C) . Given the finding that Rbt5 and Str3-GFP were localized at S. cerevisiae cell surface, we investigated whether their presence led to cellular accumulation of fluorescent ZnMP. ALA was omitted from the culture medium to repress heme biosynthesis, and hem1⌬ cells were preincubated for 3 h under conditions of iron starvation. Cells were then incubated for 90 min in the presence of ZnMP (50 M). Results showed that S. cerevisiae hem1⌬ cells expressing Rbt5, Str3, or Str3-GFP produced a ZnMP-associated fluorescence signal that was mainly located in the cytoplasm of cells ( Fig. 5D ). There was an absence of ZnMP fluorescent signal in cells transformed with an empty expression plasmid ( Fig. 5D ). Taken together, these results established the fact that heterologous expression of S. pombe Str3 in S. cerevisiae leads to cytoplasmic accumulation of the heme analog ZnMP.
Str3 binds hemin
To further examine whether Str3 was able to bind heme, str3 ϩ -GFP, and shu1 ϩ -HA 4 , fusion alleles were co-expressed in a hem1⌬ shu1⌬ str3⌬ triple mutant strain. Mid-logarithmic cells were washed to remove ALA and then treated with Dip (250 M) or iron (100 M) for 3 h. Total protein extracts were prepared, and cell membranes were isolated by ultracentrifugation. Membrane protein fractions were detergent-treated (Triton X-100) and then refractionated by ultracentrifugation. Solubilized Str3-GFP and Shu1-HA 4 were mixed with heminagarose or agarose (control) beads. Immunoblotting analysis of proteins bound to hemin-agarose using anti-GFP and anti-HA antibodies revealed that both Str3-GFP and Shu1-HA 4 isolated from iron-starved cells were detected in the bound fraction Str3 is a heme transporter in fission yeast (Fig. 6A) . In hemin-agarose pulldown assays, Shu1-HA 4 served as a control of known heme-binding protein (7, 8) . As an additional control for specificity of the resin, Str3-GFP and Shu1-HA 4 were found in the unbound fraction (flow-through) when only agarose beads were used (Fig. 6A) . Consistent with irondependent repression of str3 ϩ -GFP and shu1 ϩ -HA 4 transcript levels (under the control of str3 ϩ and shu1 ϩ promoters, respectively), Str3-GFP and Shu1-HA 4 were not detected in membrane fractions that had been prepared from iron-replete cells (Fig. 6A ). Soluble PCNA was only detected in whole-cell extracts and was absent from the membrane protein fractions.
As mentioned above, two putative heme-binding motifs, 530 YX 3 Y 534 and 552 SX 4 Y 557 , are present within the sequence of the predicted loop 11 of Str3. We therefore tested whether Tyr 530 , Tyr 534 , Ser 552 , and Tyr 557 residues were involved in the ability of Str3 to interact with hemin. Our approach was to replace these residues (positions 530, 534, 552, and 557) with alanine residues. When expressed in hem1⌬ shu1⌬ str3⌬ cells that had been washed to remove ALA and then incubated in the presence of Dip (250 M, 3 h), the Str3-Y530A/Y534A/S552A/Y557A-GFP mutant protein was located at the cell surface, as observed in the case of WT GFPtagged Str3 (Figs. 5 and 6B) . In contrast, Str3-Y530A/Y534A/ S552A/Y557A-GFP was not detected at the surface of iron-treated (100 M, 3 h) cells. Membrane fractions collected by ultracentrifugation were subjected to Triton X-100 treatment, and the solubilized proteins were analyzed by hemin pulldown assays using hemin-agarose or agarose beads. Results showed that Str3-Y530A/Y534A/S552A/Y557A-GFP was largely detected in the unbound (flow-through) fraction (64 Ϯ 5% of the preparation), consistent with a loss of affinity for hemin ( Fig. 6C) . A small but significant proportion of the mutant protein (36 Ϯ 5% of the preparation) was still retained on hemin-agarose. In the case of Whole-cell extracts (Total) were prepared, and cell membranes were obtained by ultracentrifugation. Triton X-100 -solubilized membrane proteins (input) were subjected to hemin pulldown assays using hemin-agarose or agarose alone. Unbound and bound protein fractions were analyzed by immunoblot assays using anti-GFP, anti-HA, and anti-PCNA antibodies. B, hem1⌬ shu1⌬ str3⌬ cells expressing Str3-Y530A/Y534A/S552A/Y557A-GFP were analyzed for detection of a GFP-mediated signal by fluorescence microscopy (right). Before microscopic analysis, cells were incubated in the presence of Dip (250 M) or FeCl 3 (Fe; 100 M) for 3 h. Nomarski optics was used to reveal cell morphology (left). C, hem1⌬ shu1⌬ str3⌬ cells expressing GFP-tagged Str3-Y530A/Y534A/S552A/Y557A mutant protein were cultured under the same conditions as described for A. Protein fractionation, pulldown assays with hemin-agarose, and immunoblotting were carried out as indicated for A. M, positions of molecular mass of protein standards (in kDa) are indicated on the right. D, growth of the indicated strains was assessed in the presence of hemin (0.15 M) but in the absence of ALA. Strain color codes were as follows: hem1⌬ shu1⌬ str3 ϩ in black; hem1⌬ shu1⌬ str3⌬ expressing str3 ϩ -GFP in orange; hem1⌬ shu1⌬ str3⌬ with an empty plasmid in violet; hem1⌬ shu1⌬ str3⌬ expressing str3-Y530A/Y534A/S552A/Y557A in green; and hem1⌬ shu1⌬ str3⌬ expressing str3-Y530A/Y534A/S552A/Y557A-GFP in blue. Values are represented as the averages Ϯ S.D. (error bars) of three independent experiments.
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Str3-Y530A/Y534A/S552A/Y557A-GFP, its presence in the unbound fraction ( Fig. 6C, center) after hemin pulldown assays was markedly higher as compared with WT Str3-GFP, for which only minimal amounts (Ն0.5 Ϯ 0.05% of the preparation) of the protein were found in the unbound fraction ( Fig.  6A, center) . Str3-Y530A/Y534A/S552A/Y557A-GFP was exclusively found in the unbound fraction when agarose beads were used, and it was not detected in protein extracts that had been prepared from iron-replete cells as opposed to extracts prepared from iron-starved cells (Fig. 6C) .
To investigate whether mutations of Tyr 530 , Tyr 534 , Ser 552 , and Tyr 557 residues to Ala in Str3 affected the ability of cells to grow in the presence of exogenous hemin as a sole source of heme (no ALA; heme biosynthesis off), hem1⌬ shu1⌬ str3⌬ mutant cells were transformed with integrated plasmids expressing the following alleles: str3 ϩ -GFP, str3-Y530A/Y534A/S552A/ Y557A, str3-Y530A/Y534A/S552A/Y557A-GFP, and an empty plasmid as control. In the presence of hemin (0.15 M), hem1⌬ shu1⌬ str3⌬ cells expressing Str3-GFP grew to A 600 of 3.6 over a time period of 80 h. This level of growth was comparable with that of hem1⌬ shu1⌬ mutant cells in which an endogenous str3 ϩ gene had been expressed (A 600 of 3.9 after 80 h) ( Fig. 6D) . In contrast, hem1⌬ shu1⌬ str3⌬ cells expressing either Str3-Y530A/Y534A/S552A/Y557A or Str3-Y530A/Y534A/S552A/ Y557A-GFP exhibited poor growth (A 600 of 0.49 and 0.47, respectively, after 80 h) in a medium supplemented with hemin (0.15 M) (Fig. 6D ). Taken together, these results indicated that amino acid residues Tyr 530 , Tyr 534 , Ser 552 , and Tyr 557 within the predicted extracellular loop between the eleventh and twelfth transmembrane regions of Str3 are required for its hemin-dependent transport function.
Str3 is an integral membrane protein
Cell-surface detection and a topological model of Str3 suggest that it is integrated into cellular membranes. To investigate this prediction, cell membranes were isolated by ultracentrifugation of whole-cell extracts of hem1⌬ shu1⌬ str3⌬ cells expressing str3 ϩ -GFP under low-iron conditions. In parallel experiments, we used hem1⌬ shu1⌬ abc3⌬ cells expressing abc3 ϩ -GFP under the same conditions because Abc3 is a control protein known to be integrated into cellular membranes (22) . After a first ultracentrifugation, soluble and released peripheral membrane proteins present in the supernatants were left untreated and analyzed by immunoblot assays (Fig. 7,  U1) . In the case of the pellet fraction, it was resuspended and left untreated or was adjusted to 0.1 M Na 2 CO 3 or 1% Triton X-100 and then refractionated through a second ultracentrifugation. Results showed that in the absence of any treatment, Str3-GFP and Abc3-GFP were detected only in the pellet fractions ( Fig. 7, Buffer) . An identical protein pattern was observed when the procedure had been performed in the presence of Na 2 CO 3 , which is known to selectively release nonintegral membrane proteins (with no effect on integral membrane proteins). Treatment of the pellet fraction with Triton X-100 induced the release of Str3-GFP and Abc3-GFP, which were detected in the supernatant fractions (Fig. 7, A and B) . Taken together, these results indicated that Str3-GFP is an integral membrane protein, as characterized previously in the case of Abc3-GFP (22) . As an additional control, soluble PCNA was detected only in the supernatant fraction (Fig. 7, A and B) .
The predicted hydrophilic loop region 522-576 of Str3 binds hemin
The biophysical properties of Str3, which is an integral membrane protein that harbors 12 predicted hydrophobic membrane spans, prevent the full-length Str3 from being expressed as a soluble protein in Escherichia coli. However, when a portion of str3 ϩ encoding the extracellular loop 11 corresponding to amino acid residues 522-576 was subcloned, the resulting polypeptide was highly soluble in E. coli. Of interest, Str3(522-576) contained two putative heme-binding motifs, 530 YX 3 Y 534 and 552 SX 4 Y 557 (Fig. 8A) . We investigated the ability of purified, bacterially expressed Str3(522-576) to interact with hemin. In parallel experiments, a mutant version of Str3(522-576) in which Tyr 530 , Tyr 534 , Ser 552 , and Tyr 557 had been substituted by Ala residues was generated and produced in E. coli. His 6tagged protein products (WT and mutant) were purified using two successive rounds of affinity chromatography on nickel-agarose beads. Results showed that WT Str3(522-576) was retained on hemin-agarose beads, with a trace amount of protein detected in the flow-through (unbound) fraction (Fig. 8B) . In contrast, the mutant form of Str3(522-576) (harboring Y530A/Y534A/ S552A/Y557A substitutions) was exclusively found in the flowthrough (unbound) fraction (Fig. 8B) .
Additional evidence that the amino acid region 522-576 of Str3 bound hemin was obtained by spectroscopy. Absorbance U1) was analyzed. The membrane-containing pellet fraction obtained from U1 was resuspended and kept untreated (buffer) or incubated in the presence of Na 2 CO 3 (0.1 M) or Triton X-100 (1%) and then ultracentrifuged a second time at 100,000 ϫ g (U2). Supernatant (S) and pellet (P) fractions were resolved on SDS-polyacrylamide gels and analyzed by immunoblotting using anti-GFP and anti-PCNA antibodies. M, positions of molecular mass of protein standards (in kDa) are indicated on the right. Str3-GFP, Abc3-GFP, and PCNA are indicated with arrows.
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spectra of the addition of increasing quantities of purified Str3(522-576) (0 -20 M) to a fixed concentration of hemin (2 M) were recorded. Absorption of hemin exhibited a typical Soret peak at 402 nm in the absence of Str3 (Fig. 8C) . Results showed that the addition of Str3(522-576) caused a shift in the absorbance of hemin to shorter wavelengths (blue shift) corresponding to 394 -397 nm (Fig. 8C) . The absorption peak that was blue-shifted in the presence of Str3(522-576) decreased as a function of increasing concentrations of Str3 (Fig. 8C) . In contrast, the blue shift was not observed in the case of the Str3-Y530A/Y534A/S552A/Y557A mutant. Furthermore, the intensity of the peak did not show significant changes as a function of increasing concentrations of Str3-Y530A/Y534A/ S552A/Y557A (Fig. 8C) . Analysis of the data yielded a value of 6.6 ϫ 10 Ϫ6 M for the constant of dissociation (K D ) with respect to Str3(522-576). On the other hand, the lack of interaction between Str3-Y530A/Y534A/S552A/Y557A and hemin did not allow a K D value to be determined (Fig. 8D) . Taken together, these results showed that the Str3(522-576) region interacts with hemin without the need for an additional protein partner.
Discussion
We have previously reported that S. pombe has the ability to utilize exogenous hemin as a heme source (7) . Heme acquisition by S. pombe occurs through the activity of Shu1 in the presence of 0.075 M hemin in the medium (7) . Here, we showed that hem1⌬ shu1⌬ mutant cells were still able to acquire exogenous hemin at concentrations of 0.15 M or higher, suggesting the presence of an additional mechanism for hemin acquisition. Genetic evidence for the role of Str3 as a hemin transporter was obtained by characterizing the consequence of its disruption in hem1⌬ shu1⌬ cells. Indeed, disruption of the str3 ϩ gene (str3⌬) abrogated the ability of these cells to grow in the presence of 0.15 M hemin.
In silico membrane topology analysis of Str3 predicted that the protein contained amino acid sequence signatures characteristic of members of the MFS transporters (13) . Str3 has been predicted to possess 12 transmembrane spans that are connected by short hydrophilic loops, except in the case of loops 6 and 11, which are notably longer. Loop 6 has been predicted to Str3(522-576) and hemin interact with one another. A, schematic representation of the Str3(522-576) region and its mutant derivative. B, purified WT Str3(522-576) (left) or Str3-Y530A/Y534A/S552A/Y557A)(522-576) mutant (right) (Input) was incubated with hemin-agarose beads. Unbound and bound purified WT or mutant Str3(522-576) was analyzed by immunblot assays using an anti-His 6 antibody. C, differential spectral titration of WT Str3(522-576)hemin interaction (left) using 5 M hemin and increasing concentrations of Str3 (0 -20 M). Similar titration assays (right) were performed with increasing concentrations of Str3-Y530A/Y534A/S552A/Y557A(522-576) mutant (0 -20 M) and hemin (5 M). D, hemin-binding curves for WT (left) and mutant (right) Str3(522-576) obtained by plotting changes in absorbance at the Soret peak as a function of Str3 concentrations. WT Str3(522-576) and hemin interacted with one another with a K D of 6.6 ϫ 10 Ϫ6 M.
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be cytosolic and to interconnect the first six transmembrane spans with the second half of the protein, whereas loop 11 has been predicted to be extracellular and exposed to a potential ligand. In the case of the MFS-type iron-siderophore transporter, loop 11 contains the siderophore transporter domain, in which a highly conserved Tyr residue is present and required for uptake of siderophore into the cells (23) . Although this highly conserved Tyr residue (position 571) was also found in Str3, loop 11 of Str3 was unique due to the presence of two putative heme-binding sequences, 530 YX 3 Y 534 and 552 SX 4 Y 557 , that were absent in S. pombe Str1 and Str2 proteins. These two putative heme-binding sequences were reminiscent of neariron transporter (NEAT) motifs that are found in several Grampositive bacteria (24) . Although the initial proposed role of NEAT domains was to bind siderophores for their delivery into Gram-positive cells, subsequent studies have shown that NEATcontaining proteins function to scavenge heme from hemoproteins and to uptake it through the bacterial cell surface for delivery into the cytosol (24 -26) . Several NEAT proteins contain a domain in which amino acid sequences are arranged in SX 4 Y and YX 3 Y configurations that are important for heme-binding function (24) . In bacteria, the canonical SX 4 Y motif is generally found within a small and unique ␣-helix structure located at the N terminus of the NEAT domain. The remaining part of the domain is constituted of eight ␤-strands that form a conserved ␤-barrel fold. The YX 3 Y motif is found within the eighth ␤-strand located at the C terminus of the domain. In the case of loop 11 of Str3, its structural conformation is unknown. However, according to an in silico three-dimensional model by I-TASSER (16), a putative heme-binding pocket has been predicted and comprises the YX 3 Y and SX 4 Y motifs. In the current report, mutations of the YX 3 Y and SX 4 Y motifs in Str3 led cells expressing the str3-Y530A/Y534A/S552A/Y557A allele to be unable to rescue hem1⌬ shu1⌬ str3⌬ cells to grow in the presence of hemin compared with hem1⌬ shu1⌬ str3⌬ cells expressing a WT str3 ϩ allele. Furthermore, pulldown assays using protein lysates prepared from cells expressing Str3-Y530A/Y534A/S552A/Y557A showed that substitutions of Tyr 530 , Tyr 534 , Ser 552 , and Tyr 557 for the corresponding Ala residues markedly decreased Str3 binding to hemin-agarose. When the WT version of the loop 11 of Str3(522-576) was produced and purified from E. coli, it was retained on heminagarose beads using pulldown assays. In contrast, a mutant form of loop 11 containing Y530A/Y534A/S552A/Y557A substitutions failed to bind hemin-agarose beads, revealing that Tyr 530 , Tyr 534 , Ser 552 , and Tyr 557 residues participated in hemin coordination in Str3. However, determination of whether one amino acid residue has a contribution to binding higher than the others or whether there is influence of additional amino acid residues flanking the motif or elsewhere will require additional studies. Based on an in silico-generated model, the YX 3 Y and SX 4 Y motifs located in loop 11 of Str3 may serve as a docking site to facilitate heme entry into the central cavity of the MFS transporter.
S. pombe Str3 is not the unique case of the MFS-type transporter that mediates heme transport. In humans, FLVCR1a, FLVCR1b, and FLVCR2 are MFS-type transporters (27) (28) (29) (30) (31) . FLVCR1a is a plasma membrane heme exporter (30) . FLVCR1b encodes a shorter isoform of FLVCR1a that localizes to the mitochondrial membrane (27) . FLVCR1b possesses six hydrophobic transmembrane domains, and it is likely that FLVCR1b homodimerizes to form a full-length transporter with 12 transmembrane domains similar to FLVCR1a. It has been reported that FLVCR1b functions as a mitochondrial heme exporter (27) . In the case of FLVCR2 expressed in mammalian cells and Xenopus laevis oocytes, it functions as an importer of heme (28) . In cats, the cell-surface heme exporter FLVCR1a is recognized and bound by the feline leukemia virus subgroup C (FeLV-C) (32) . Although loop 11 of FLVCR1a is shorter compared with that of Str3, FLVCR1a loop 11 is required for FeLV-C-FLVCR1 association (32) . Upon binding of FLVCR1a by FeLV-C viruses, cellular heme efflux is blocked. The observation that FLVCR1a loop 11 functions as a docking site for FeLV-C is reminiscent of our findings that loop 11 of Str3 is involved in heme binding and may serve as an initial docking site for heme.
Structural studies of MFS transporters have shown that the 12 ␣-helical transmembrane spans are organized into two sixhelix halves (12, 13) . Substrate transport across the membrane probably occurs via a clamp-and-switch (also called rockerswitch) mechanism whereby the two halves of the transporter cycle through outward-opening (substrate loaded), occluded (substrate bound), and inward-opening (substrate released) conformations. At present, the nature of the amino acid residues of Str3 and FLVCR that coordinate heme in the occluded state of the transporters is unknown. However, in the case of FLVCR1a, an in silico sequence analysis of heme carrier proteins has suggested that His 145 , Tyr 153 , and His 198 are likely to be involved in the heme transport process (30, 33) . Pairwise sequence alignment between Str3 and FLVCR1a has revealed that Tyr 153 is conserved in both proteins. Furthermore, the aromatic side chain of Tyr 153 (found at position 160 in Str3) is predicted to be positioned in the center of the transporter and available for substrate coordination. Additional studies will be required to confirm the functional role of Tyr 160 in Str3 as well as to identify additional amino acid residues that coordinate heme in the heme-bound occluded state of Str3.
S. pombe uses three distinct strategies for acquisition of iron from environmental sources. A first system involves the transport of reduced free iron ions through an oxidase-permeasebased iron uptake machinery that consists of the Fio1 and Fip1 proteins, respectively (9). A second system takes up siderophore-bound iron through the ferrichrome transporter Str1 (11). A third system triggers assimilation of exogenous heme using the cell-surface proteins Shu1 and Str3. Interestingly, str3 ϩ and shu1 ϩ are gene neighbors on chromosome I of S. pombe, and their transcription is oriented in the same direction. In the case of Shu1, experiments using the heme analog ZnMP have shown that the prosthetic group first accumulates into vacuole and then within the cytoplasm (8) . Furthermore, the same study has shown that mobilization of stored ZnMP from the vacuole for redistribution within the cytoplasm requires the vacuolar transporter Abc3 (8) . Upon the addition of the iron chelator Dip, we observed that expression profiles of fio1 ϩ (or fip1 ϩ ) and str1 ϩ were rapidly induced within 15-30 min of treatment. This step was followed by a sustained induction of Str3 is a heme transporter in fission yeast fio1 ϩ and str1 ϩ mRNA levels for at least 4 h. In the case of shu1 ϩ , abc3 ϩ , and str3 ϩ , under the same conditions, their transcript levels were detected at times later than those of fio1 ϩ and str1 ϩ . Furthermore, shu1 ϩ , abc3 ϩ , and str3 ϩ mRNA levels were at their maximum levels only after 4 h in iron-starved cells. This observation suggests a common temporal regulation for shu1 ϩ , abc3 ϩ , and str3 ϩ compared with fio1 ϩ and str1 ϩ .
We have shown previously that Shu1 interacts with hemin with a K D of 2.2 M (7) . In the current study, results showed that loop 11 of Str3 exhibits a K D value of 6.6 M for hemin. These results revealed that Str3 possesses a lower affinity for hemin than Shu1. Consistent with this observation, the hemin-dependent growth deficiency of a hem1⌬ shu1⌬ double mutant (expressing str3 ϩ ) can only be rescued when exogenous hemin exceeded Ն2 times the concentration that is required to overcome hemin deficiency of a hem1⌬ single mutant (expressing shu1 ϩ ). When the abc3 ϩ gene was deleted in a hem1⌬ shu1⌬ mutant strain, hem1⌬ shu1⌬ abc3⌬ cells exhibited similar growth compared with hem1⌬ shu1⌬ cells in the presence of 0.15 M hemin, revealing that Str3 function was unaffected by the absence of the vacuolar transporter Abc3. Together, the results revealed that S. pombe possesses two systems with different affinities to bring exogenous heme into the cell. As a saprophyte fungus, these two transport systems identified in S. pombe may strengthen its ability to acquire external heme from natural sources in its environment.
Experimental procedures
Yeast strains and growth media
Genotypes of S. pombe and S. cerevisiae strains used in this study are listed in Table 1 . All S. pombe strains were maintained on yeast extract plus supplements medium (YES) containing 0.5% yeast extract, 3% glucose, and 225 mg/liter adenine, uracil, leucine, lysine, and histidine (34) . In the case of cells lacking Hem1 (hem1⌬), they were supplemented with ALA (200 M) under nonselective growth conditions. hem1⌬ mutant cells could also be maintained alive in the absence of ALA by supplementing the medium with exogenous hemin at the indicated concentrations (0.075, 0.15, and 0.5 M). In the presence of exogenous hemin, hem1⌬ cells rely on their heme uptake machinery to sustain growth instead of using their own heme biosynthesis pathway. Strains used for DNA plasmid integra-tion were cultured in Edinburgh minimal medium, in which specific amino acids were omitted as required to trigger chromosomal integration events. For monitoring cell growth, precultures of cells were carried out in YES medium containing 2,2Ј-dipyridyl (Dip) (50 M) to chelate iron and, at the same time, to foster expression of iron starvation-inducible genes, including str3 ϩ and shu1 ϩ . During precultures of cells, ALA (200 M) was added to ensure biosynthesis of heme. Once precultures reached mid-logarithmic phase, cells were washed twice and then diluted 1000-fold in YES containing Dip (10 M or the indicated concentration) and hemin (0.075, 0.15, or 0.5 M) but in the absence of ALA (unless otherwise stated). Cell cultures were then initiated and monitored (A 600 ) at each of the indicated times. S. cerevisiae hem1⌬ cells were grown in standard minimal medium that was supplemented in ALA (200 M), unless otherwise stated. Synthetic complete medium lacking leucine was used to transform S.cerevisiae cells with p415GPD (35) and its derivatives.
Plasmids
PCR amplification of the str3 ϩ gene was performed using primers designed to generate XmaI and NotI restriction sites at the upstream and the downstream termini of the ORF, respectively. The PCR product was digested with XmaI and NotI and cloned into the corresponding sites of pBPade6 ϩ (36). The resulting plasmid was named pBPade-str3 ϩ . Subsequently, the str3 ϩ promoter region from position Ϫ785 upstream of the initiator codon of str3 ϩ was isolated by PCR amplification and then inserted into pBPade-str3 ϩ at the ApaI and XmaI sites. This pBPade-str3 ϩ derivative was denoted pBPade-785str3 ϩ , and it allowed expression of str3 ϩ under the control of its own promoter. The GFP coding sequence derived from pSF-GP1 (37) was isolated by PCR using primers designed to generate NotI and SacII sites at the 5Ј and 3Ј termini of the GFP gene. The NotI-SacII GFP-encoded DNA fragment was inserted inframe with the 3Ј-terminal coding sequence of str3 ϩ , creating pBPade-785str3 ϩ -GFP. Plasmid pBPade-785str3 ϩ -GFP was used to introduce mutations in the coding sequence of str3 ϩ . Codons corresponding to Tyr 530 , Tyr 534 , Ser 552 , and Tyr 557 were replaced by nucleotide triplets that encode alanine. These site-specific mutations were created by a PCR overlap extension method (38) . The resulting plasmid containing the str3 ϩ Str3 is a heme transporter in fission yeast mutant allele was denoted pBPade-785str3-Y530A/Y534A/ S552A/Y534A-GFP. A similar strategy was used to create an untagged str3 ϩ mutant allele, and the plasmid was called pBPade-785str3-Y530A/Y534A/S552A/Y534A. The shu1 ϩ -HA 4 gene was isolated from pBP-1317shu1 ϩ -HA 4 (7) using the ApaI and SacII restriction enzymes. The purified DNA fragment was cloned into the corresponding sites of pJK148 (39) . The resulting plasmid was denoted pJK-1317shu1 ϩ -HA 4 . The coding sequence corresponding to the str3 ϩ gene was isolated by PCR and cloned into the BamHI-XhoI-cut p415GPD vector (35) . This centromeric plasmid was named p415GPDstr3 ϩ . The str3 ϩ -GFP coding sequence was amplified from plasmid pBPade-785str3 ϩ -GFP using primers designed to generate XmaI and XhoI sites at each extremity of the PCR product. The DNA fragment was inserted into the corresponding sites of p415GPD, creating p415GPDstr3 ϩ -GFP. These site-specific mutations were created by a PCR overlap extension method (38) . The new mutant plasmid was named pET28a 522 Str3 576 Y530A/Y534A/S552A/Y557A.
RNA isolation and analysis
Total RNA was extracted by a hot phenol method as described previously (40) . Transcripts were analyzed using RNase protection assays as described previously (41) . Plasmids pSKstr3 ϩ (11) and pSKact1 ϩ (42) were linearized with BamHI for subsequent labeling with the use of [␣-32 P]UTP and the T7 RNA polymerase. The resulting antisense RNA probes served to determine str3 ϩ and act1 ϩ steady-state mRNA levels. In the case of act1 ϩ transcripts, they were probed as an internal control for normalization during quantification of RNase protection products.
Direct fluorescence and indirect immunofluorescence microscopy
Fluorescence and differential interference contrast images of cells were viewed with a Nikon Eclipse E800 epifluorescent microscope (Nikon, Melville, NY) equipped with a Hamamatsu ORCA-ER digital cooled camera (Hamamatsu, Bridgewater, NJ). Cells were subjected to microscopic analysis using ϫ1000 magnification and the following filters: 340 -380 nm (blue), 465-495 nm (green), and 510 -560 nm (red). For detection of fluorescent ZnMP accumulation in S. pombe cells, liquid cultures of the indicated strains were seeded to an A 600 of 0.5. The cultures were then incubated in ALA-free medium containing Dip (250 M) or FeCl 3 (100 M) for 3 h. Subsequently, ZnMP (2 or 10 M) was added for 90 min. ZnMP accumulation was stopped by adding 5 volumes of ice-cold 5% BSA in PBS. After centrifugation, cells were resuspended in ice-cold 2% BSA in PBS and examined by fluorescence microscopy as described previously (7, 8) . In the case of S. cerevisiae cells, a similar method was used for fluorescence microscopic visualization of ZnMP, except that the indicated strains were incubated in ALA-free standard minimal medium containing a higher concentration of ZnMP (50 M) than used in S. pombe. To determine the cellular location of Rbt5 in S. cerevisiae cells, indirect immunofluorescence microscopy was performed using formaldehyde-fixed cells as described previously (36) . Cells were spheroplasted using zymolase (30 mg/ml), ␤-mercaptoethanol (10 mM), and Triton X-100 (1%) as described previously (7) . Spheroplasts were adsorbed on poly-L-lysine-coated (0.1%) multiwall slides as described previously (36) . After a 30-min block with Tris-buffered saline (TBS) buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% BSA, and 0.02% sodium azide), cells were incubated with a custom anti-Rbt5 antibody (Abcam, Burlingame, CA) diluted 1:250 in TBS. After an 18-h reaction, cells were washed with TBS and incubated for 90 min with tetramethylrhodamine-labeled goat anti-rabbit IgG (Invitrogen, T-2769) diluted 1:500 in TBS. Fields of cells shown in this study correspond to a minimum of five independent experiments. cipitates and unbound material were resuspended and mixed, respectively, with 50 l of SDS loading buffer (100 mM Tris-HCl, pH 8.0, 1.4 mM ␤-mercaptoethanol, 1% SDS, 5 mM EDTA, 8 M urea) and heated for 30 min at 37°C. Samples were resolved by electrophoresis on 10% SDS-polyacrylamide gels.
Purification of Str3(522-576) expressed in bacteria
E. coli Rosetta(DE3)pLysS cells harboring plasmid pET28a 522 Str3 576 or pET28a 522 Str3 576 Y530A/Y534A/S552A/ Y557A were grown to an A 600 of 0.5. At this growth phase, pET28a-driven protein expression was induced with isopropyl-␤-D-thiogalactopyranoside (0.4 mM) for 4 h at 37°C in the presence of ethanol (2%). Cells were then broken up by sonication in buffer A (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 10% sucrose, 20 mM imidazole, 50 g/ml lysozyme, and 1% Triton X-100) containing a mixture of protease inhibitors (P8340, Sigma-Aldrich). Protein extracts were incubated for 2 h at 4°C with a suspension (2 ml) of nickel-nitrilotriacetic acid-agarose beads. Str3(522-576) or Str3Y530A/Y534A/S552A/Y557A(522-576) protein bound to the beads were eluted stepwise with buffer B (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10% glycerol) containing 100, 500, and 1000 mM imidazole. Samples (500 mM imidazole eluate fractions) containing Str3(522-576) or Str3Y530A/Y534A/ S552A/Y557A(522-576) were dialyzed to remove imidazole (down to 5 mM) and processed for an additional purification on the same type of affinity resin.
Absorbance spectroscopy
A stock solution of hemin (5 mM) was prepared by dissolution in NaOH (0.1 M) as described previously (7) . Fresh stock solution was diluted (1:1000), and hemin concentration was determined at 385 nm using an extinction coefficient of 58,400 liters mol Ϫ1 cm Ϫ1 . Association of proteins with heme was determined by adding increasing amounts of a protein (purified Str3(522-576) or Str3Y530A/Y534A/S552A/Y557A(522-576); 0 -20 M) to hemin (2 M) in 40% DMSO buffered with 20 mM HEPES (pH 7.4). Differences in absorption spectra over a range of 350 -700 nm were recorded using a DU730 spectrophotometer (Beckman Coulter). Changes in absorbance at the Soret peak served to monitor formation of the protein-heme complex and determination of the dissociation constant (K D ) as described previously (7) . Data were analyzed using GraphPad Prism version 7 software.
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